We have used a Tilted Axis Cranking model in combination with particle number projection to analyze the influence of dynamical pairing correlations in the high-K bands of 178 W and their effect on the angular momentum and the relative energy. The results show that our model is able to reproduce the values and trends of the experimental angular momentum and relative energy as a function of ω.
Introduction
The transition of a nucleus from the superfluid to the normal state at high angular momentum is an interesting problem that is studied by means of modern γ-detector arrays. The most rapid quenching of pair correlations appears in nuclei where a large fraction of the angular momentum is generated along the symmetry axis of the nucleus, which is reflected by the appearance of high-K isomers near the yrast line. The rotational bands build on these isomers contain valuable information about the pair correlations. Thus, a description of these in terms of a mean field approach that treats rotation and pair correlations microscopically is needed. The tilted axis cranking [1] (TAC) model represents the Hartree-Fock-Bogoliubov (HFB) theory of the high-K bands, which permits the calculation of the energies and intra band transition probabilities. The TAC model has been applied to the high-K multi quasiparticle bands in 178,179 W [2] . An abrupt transition from the paired to the unpaired state is found when going from the lowest quasiparticle configuration to bands with 2 or 3 quasiparticles of the same kind excited. These results are in the line with earlier investigations of the pair correlations of the high-K band heads states. [3] It is well known [4] that the HFB theory does not provide an adequate description of the transition region where the pair field strongly fluctuates. Therefore an improved description of the pair correlations is needed. This is the main motivation to develop a version of TAC that includes the particle number projection (PNP), which has been known to give a considerable improvement of the description of the pair correlations at high spins [5] . A further motivation to incorporate PNP into TAC is that it can considerably simplify the numerical calculations. This is because if the chemical potential does not need to be determined very accurately, the nonlinear system of selfconsistent equations gets considerably simplified.
In section 2 we develop a TAC version that includes PNP and uses the Strutinsky shell correction method to determine the nuclear shape. Some technical problems encountered are also discussed. Calculations of high-K bands in 178 W are presented in section 4 and compared with the experiment [6] . Though a rather good overall agreement and a definite improvement as compared to HFB are found, some remaining problems will also be discussed in the following sections.
The Model

Strutinsky renormalization
We have used the Strutinsky renormalization procedure for a rotating nuclei described in [7] . The total Routhian which is the energy in the frame rotating with the angular velocity ω is written as the sum R = R LD ( ω) −R( ω) + R T AC ( ω).
(
It consists of the Routhian of the rotating liquid drop, R LD , and the shell correction δR( ω) = R T AC ( ω) −R( ω). As the frame of reference we use the principal axes of the deformed potential and assume that the rotational axis lies in one of the principal planes. The liquid drop part is then given by
where E vol is the volume energy and E surf the surface energy. (For any details cf. [8] .) The inertial tensor J i (β ν ) is given by the classical rigid body moment of inertia for the different principal axes (i = 1, 2, 3) associated with the nuclear density distribution, which is characterized by a set of deformation parameters β ν . By appropriate labeling of the principal axes one may always achieve that the rotational axis lies in the 1-3 plane and θ is the angle between the 3 axis and the rotational axis. The shell correction R T AC −R is based on the TAC single particle Routhian
where j i is the single particle angular momentum along the principal axes and pairing is disregarded for a moment. Diagonalizing eq. (3) one obtains the single particle Routhians e ′ i (ω). Filling neutrons and protons into these levels gives the TAC Routhian
for a certain single particle configuration. The smooth RouthianR( ω) is obtained from the spectrum e ′ i by the standard Strutinsky smearing procedure [8] . The total Routhian R(β ν , θ) is a function of the deformation parameters β ν and the orientation angle θ. The values (β ν , θ) are determined by minimization of R.
Pairing is introduced by generalizing the single particle Routhians, eq. (3), as follows (we write for simplicity only one kind of particle):
Here, the operator P † is the monopole pair field operator [4] . The HFB treatment of the pairing amounts to finding the quasiparticle solutions that are the eigenstates of the quasiparticle Routhian
and constructing from this solution the state | > of a certain quasiparticle configuration. The chemical potential, λ, is fixed by the condition of selfconsistency for the particle number, <N >= N.
The pair field ∆ is fixed by
The TAC part of the total Routhian becomes
One of the technical problems encountered in the application of the HFB variant of TAC is that eq. (7) adds an additional dimension to the system of nonlinear equations given by eq. (8) and the minimization with respect to β ν and θ. This condition can be relaxed by introducing particle number projection (PNP) which consists of projecting the wave function of the quasiparticle configuration on good particle number
This procedure includes gauge angle fluctuations of the pair field around a circle in the complex plane with the radius of ∆ but no fluctuations in the absolute value of ∆. The ∆ ϕ circle corresponds to a constant and minimal energy. The TAC Routhian with PNP is calculated as the expectation value
Now the chemical potential needs no longer be determined by eq. (7). Rather λ has become just another variable parameter that is to be determined by minimizing the Routhian. However, the minimum practically coincides with the solution of eq. (7). An example of this is given in figure 1 . This has the advantage that in the vicinity of the minimum the energy does not change very much. Thus we make small errors if the minimum in λ is not exactly found (or eq. (7) not exactly solved). If one may keep λ fixed in minimizing the other parameters, the actual calculation is greatly simplified. However, one has to be careful that fixing λ does not affect the general properties of the configuration too much (cf. discussion in section 3). The calculation of the projection integral, eq. (10), needs some care which will be discussed in section 5. Unlike the unprojected HFB function | > the projected wave function (10) is not stationary. This leads to some problems that will be discussed in section 2.2.
The Strutinsky renormalized TAC, as presented above, can also be applied without problems to deformed potential V of the Wood-Saxon type. We use it for a V of the the modified oscillator (Nilsson) potential type. There are special problems in applying Strutinsky renormalization at finite ω to this potential that are related to the velocity dependent ℓ 2 term. A discussion can be found The λ-value corresponding to minimal E P N P and the correct particle number < N > in the unprojected case are represented with a vertical and a horizontal thin dotted lines.
in [8] . Our way to avoid these problems, which has turned out to give quite reliable results up to moderate high spins in the case of standard cranking, is to apply the renormalization procedure only to the ground state part of the energy. This variant amounts to write the total Routhian as
One additionally diagonalizes the single particle Routhian, eq.( 3) for ω = 0 and calculates the single particle energies, e i . From these one calculates
andẼ by the Strutinsky average procedure. In other words, δE = E 0 −Ẽ is the standard Strutinsky shell correction for non-rotating nuclei.
Energy minimum in θ
Strutinsky's energy theorem [10] [4] ensures that
is zero for the selfconsistent value of θ. Since the quasi-particle configuration, | >, is an eigenfunction of H ′ one has < |H ′ ∂ ∂θ | >= 0. The derivative of the Routhian then becomes
Hence the condition ∂R ∂θ = 0 for the minimization is equivalent to J ⊥ = 0 or, in other words, that ω and J are parallel [1] .
In case of particle number projection the wave-function | >= | > P N P is no longer an eigenstate to H ′ and equation (14) is no longer valid. The energy minimum will no longer exactly agree with the condition of parallelity, J ⊥ = 0, which is the condition for uniform rotation.
In our calculations we generally found small (0 • − 10 • ) discrepancy in the selfconsistent values of θ between the uniform rotation criteria J ⊥ (ω) = 0 and the energy minimum criteria. Substantial deviations appear in regions of band crossings where the cranking model is unreliable [9] anyway and sometimes close to band heads.
Details of the calculations
We use the modified oscillator model with ǫ 2 , ǫ 4 deformations and standard Nilsson parameters for the 4 shells closest to the Fermi surface [10] . As in the application of the QQ model version of TAC [1] , it is important to follow a certain quasiparticle configuration when seeking the minimum of R(ω, ǫ 2 ǫ 4 , ∆, λ, ϑ). This is achieved by 'diabatic tracing'. When changing one of the parameters the overlap of the quasiparticle wave functions and the one before the step is calculated. By looking for the maximal overlap a one-to-one correspondence between the quasiparticle states is established. Figure 2 shows a quasiparticle diagram constructed in this way. Using on optimal step size (∆ω = 0.05 MeV, ∆ϑ = 5
• ) and keeping the occupation of such diabatic quasiparticle trajectories usually one follows a certain quasiparticle configuration. Problems may appear near crossings like the ones in figure 2. We have used two different strategies A,B for finding the minimum with respect to ∆ and θ for different ω. Usually A is better to work with because the minimum in θ does not usually change so much when pairing is added. For ground configurations B works better because the ∆ = 0 case has no equivalent to the paired ground-state. The equilibrium deformation in 178 W turns out to be rather stable. It does not change very much in or between different K-bands. Thus, we have adopted the quadrupole (ε 2 = 0.229) and hexdecupole (ε 4 = 0.034) deformation calculated for the ground state (ω = 0). These values are used in all bands except in the K π = 25 + band, which contains a h 9/2 aligned proton, for which the equilibrium values ε 2 = 0.255 and ε 4 = 0.038 are used instead. The strength of the pairing force G is fixed to match the values of the even-odd mass-difference in the ground state [11] .
The selfconsistent value of λ is not expected to change much within one band. However in some cases a competing configuration can affect the results if λ is not correctly chosen. As demonstrated in figure 1 above, small errors in λ give very small contributions to the energy. This justifies to use the same value of λ through out the calculations of each band. The values of λ where R(λ) is minimal are calculated at ω = 0.4 in all bands, see table 1. These values of λ are used at the other frequencies except in the K π = 7 − band where the λ at ω = 0.4 gives the K π = 8 − band as the lowest negative parity band. The λ value calculated at the band head is used instead. 
Results
The configurations of the below considered K-bands are listed in table 2 in accordance with the ones in [6] . In table 2 the complete Nilsson quantum numbers Table 3 : ∆ at the band-heads (MeV).
rotational band is less systematic than between bands (see figure 3 ). There is usually only a weak systematic reduction of ∆ when ω is increasing, but one notices in some cases strong fluctuations. The exception of weak ω dependence of ∆ is when a pair of protons or neutrons becomes aligned at a band crossing in a configuration with a low number of quasiparticles. For example, there is a drastic decrease in ∆ ν at the back-bending region at ω c ≈ 0.3 in the yrastband. It is well known [9] that the cranking model has problems to describe the rotating system close to a back-bend. In this region different strategies (cf. section 3) of finding the selfconsistent values of our parameters can result in different configurations being yrast for a given ω (≈ ω c ) and as a consequence in different selfconsistent values of our parameters.
For the two quasi neutron K π = 7 − band the ∆ ν is reduced already at the band head and is not changing systematically along the band. The ∆ π for the proton ground-state configurations is only weakly reduced by rotation until ω = 0.55 where a proton band crossing occurs and there is a drastic reduction in ∆ π . For the other K-bands both ∆ π and ∆ ν show a reduced value already at the band-head and fluctuate along the band. Some of these fluctuations are explained by the fact that the energy surface has a very shallow minimum.
In the K-bands, there are usually a monotonic increase in the tilt angle θ from 0
• at the band head to somewhere close to θ = 90
• at high frequency. In some cases there are a decrease in θ at high ω(> 0.5), which can be related to the crossing with other configurations.
Routhians
Experimental Routhians are calculated by means of the standard expression given e.g. in [12] . In figure 4 and 5 they are compared with the PNP calculations (∆ > 0) and with calculations assuming ∆ = 0. In the PNP calculations the ground state has been normalized to R(ω = 0) = 0. The bandhead energies calculated in the rotating frame in table 4 show that the PNP model can reproduce the experimental relative energy much better then the unpaired calculation. The PNP calculations also reproduce the Routhians at higher ω quite good. (Note that a linear term is added to the curves which enhances [6] . The unpaired energy is normalized so that R ∆=0 (ω = 0.25) = R ∆>0 (ω = 0.25) for the K π = 7 − band. Table 4 : Band-head energies (MeV) relative to the ground state. The unpaired result is normalized so that it matches the paired result at ω = 0.25 for the K π = 7 − band. The experimental values are taken from [6] . the discrepancies.) Although zero pairing calculation gives a good estimate of the angular momentum it cannot reproduce the relative energy of the bands. Since there is no correspondence to the groundstate configuration, the unpaired Routhians have been normalized so that R ∆=0 (ω = 0.25) = R ∆>0 (ω = 0.25) for the K π = 7 − band. The rotational frequency of the band head is also quite well reproduced in all cases except the K = 7, ∆ > 0 case where problems with the discrepancy between uniform rotation and selfconsistency delays the start of the band (cf. section 2.2).
Angular momentum
The calculated and experimental angular momentum as function of the frequency are compared in figure 6 and 7. For low K-values (= 7, 15) one can see that the ∆ = 0 calculation gives a good value for J close to the band-head and at large ω, but fails to reproduce the back-bend region in between. Note that a linear term has been subtracted from figure 6 and 7 so the relative errors are magnified in the figures. The PNP calculation gives approximately the right value of ω c for the neutron back-bend but gives a slightly too low value of J(ω) for the K π = 7 − band. In the high K (= 22, 25) bands there are no back-bends since several pairs are broken already at the band-head. Whether ∆ is zero or nonzero does not The experimental data [6] show that the function J(ω) of the angular momentum deviates from the linear relation expected for strong coupling of the quasi-particles to the deformed field. In [2] it was shown that the angular momentum and the dynamical moment of inertia of 178 W can be understood by assuming that the nucleons move in a rotating mean field with no pairing. Our results show that PNP gives a similar J(ω) dependence as [2] . The dynamical moment of inertia (J (2) = dJ dω ) is substantially below the rigid body value when one or more quasi-particle pairs are broken.
At high ω and/or high K the difference between paired and the unpaired calculations disappears. This tells us that the pairing becomes less important for the angular momentum in the region where the ∆ in HFB calculations goes to zero. At high ω in the K π = 7 − and yrast band there are large irregularities [6] .
that comes from a band crossing in the ground configuration of the protons.
Branching ratios
In the TAC model [1] the B(M 1) and B(E2) values are calculated by means of the expressions
where J, S and Q 0 are the expectation values of the angular momentum, the spin and the quadrupole moment, respectively, as calculated from the TAC states. It is conventional to represent the experimental branching ratios in the form
(ω) which is obtained assuming that the strong coupling limit [13] is valid. We choose to display the calculated branching ratios (which of course do not involve the strong coupling assumption) in the same way. The theoretical ratios are obtained as
where K, the value of the angular momentum at the band head, is kept constant and J is the calculated value of the angular momentum. Q 0 is chosen as in [6] . The theoretical and experimental ratios are given in figure 8 . The calculated ratios agree reasonably with the data in most cases. The experimental errors of the branching ratios are too large to discriminate between the calculation with PNP and ∆ = 0. In the case of the K π = 7 − band the ∆ = 0 calculation reproduce the branching ratios better. However the presence of the upbend of the I(ω) curve in figure 6 is a clear indication of a finite pairing gap. Thus, we consider the deviation as a consequence of the cancelation, which is sensitive to various inaccuracies of the calculation. The K π = 7 − band has 5 The role of the exchange term in particle number projection (PNP)
The HFB pairing energy is usually calculated in Hartree approximation, i.e. neglecting the exchange term by factorizing the pairing matrix element < P † P > ≈ < P † >< P > . This approximation is justified for the calculation of the pairing energy contribution without PNP. However, it was recently suggested [14] that the neglect of exchange terms in performing PNP can lead to dangerous poles in the resulting potential energy surface (PES). Such an unphysical behavior of the PES was indeed found in our calculations and it was traced back to the above mentioned factorization. For the sake of completeness we sketch the argumentation presented in more detail in [14] .
Using in the PNP state |N >, eq. (10), the canonical (BCS-like) form [4] of the HFB state | > the number projected pairing energy E pair = −G < N |P † P |N > can be written as the sum
implying the direct term
and the usually neglected exchange term
(20) These expressions contain the canonical BCS-amplitudes u k , v k of the quasiparticle state and the matrixelements P kk ′ of the pair operator in the canonical basis. The bracket
is the overlap function between gauge rotated quasiparticle states. Note that without PNP (i.e.< ϕ = 0|ϕ > ∝ δ(ϕ)) the direct part E
Direct pair
reduces to a simple Hartree term. and E pair projection routine for the K π = 7 − band, see also figure 3 . There is only a small difference except at ω = 0.5 where there is a pole in the old calculation, see figure 9 . These values of ∆ were found keeping all other parameters constant at the selfconsistent values found using the full projection.
eq. (21). However, when summing up the two contributions (19,20) to the full pairing energy E pair such unphysical poles do exactly cancel.
Our calculations confirm the conclusion that a reliable calculation of the PES with PNP have to be done with the full expression. In figure 9 the full neutron energy is shown as a function of the neutron gap (∆) and it is compared to the one where only the direct pairing energy term (19) is taken into account. The full energy has the expected parabolic shape with the minimum whereas in the case shown in figure 9 the curve of the direct term alone displays an unphysical oscillation around ∆ ≈ 0.6 MeV. Such a strange behaviour does not happen often and usually there is only a minor difference between the extracted ∆-value at the minimum for the full and direct energy, cf. figure 10. Observables like the energy are not strongly affected by the exchange term, cf. figure 11 , except close to poles. With the full pairing energy we get a minimum for a slightly different ∆ therefore a different G is needed to match the experimental ∆-values. We found that a G π of 0.121 MeV instead of 0.119 MeV should be used for the protons while the G ν did not change when using the full expression for the pairing energy.
The probability of accidently hitting a pole is not large but it happened a couple of times in our calculations. The tail of a pole can also affect the results and is of course much harder to detect. The energy surface calculated with the direct term alone jumps when passing through the pole. This is because a pole has gone in (or out) to the area in the complex plane around which we are integrating. The pole would turn into a step function if it was possible to do the integration exactly. In order to avoid such unphysical behaviour one should generally apply the full expression of the PNP pairing energy. and E pair projection routine for the K π = 7 − band, see also figure 4. There is only a small difference. This Routhian was calculated keeping all other parameters constant at the selfconsistent values found using the full projection.
Conclusions
Our calculation show the need to include fluctuations of the pair field in order to obtain a fair description of both energy and angular momentum of the considered high-K bands. In these calculations we have used a finite static pair gap in conjunction with particle-number projection to model the dynamic pair field. In this way we have been able to reproduce experimental relative energy of the high K-bands in 178 W . It is known from investigation of the band head [3] that the HFB model tends to underestimate the distance between the bands while our new model gives the correct relative energy. Our model also reproduces experimental angular momentum. Earlier HFB calculations [2] have also been able to reproduce angular momentum as a function of frequency. This is a consequence of that I(ω) is not very sensitive to the pair correlations after the first band crossing. The ratio | (gK −gR) Q0
(ω)| is also reasonably well reproduced. The pairing gap measured by the parameter ∆ P N P is reduced when we go to higher seniority and/or higher rotational frequency ω states but it does not become zero. The static pair field can only be used as an approximation to the physical dynamical pairing correlations. The chemical potential λ can be kept constant in the bands but has to be chosen carefully.
The cranking model can not describe the band crossings in a correct way since it mixes states at a given ω instead of mixing them at a fixed angular momentum. Close to the yrast line the level density is relatively low and so the number of crossings is small. At high ω most of our bands are further away from the yrast line where the level density is larger and band crossings appear quite often such that the calculated Routhians R(ω) and angular momentum I(ω) may obtain an irregular structure. What happens in these crossing regions is then dependent on how a given configuration is traced through such quasi crossings. One way of treating the problem with these irregularities and the instability connected with the back-bending regions might be to go further beyond the mean-field approximation. This could be done by e.g. including dynamical pairing correlations in a RPA model like in [5] .
Some of the irregularities were detected to come from the PNP procedure itself. The potential energy surface seemingly gets poles and edges due to leaving out the exchange term of the pairing interaction in the PNP. If the full expression for the pairing interaction is used these problems do not occur.
